Wireless sensor networks (WSNs) are generally used to monitor hazardous events in inaccessible areas. Thus, on one hand, it is preferable to assure the adoption of the minimum transmission power in order to extend as much as possible the WSNs lifetime. On the other hand, it is crucial to guarantee that the transmitted data is correctly received by the other nodes. Thus, trading off power optimization and reliability insurance has become one of the most important concerns when dealing with modern systems based on WSN. In this context, we present a transmission power self-optimization (TPSO) technique for WSNs. The TPSO technique consists of an algorithm able to guarantee the connectivity as well as an equally high quality of service (QoS), concentrating on the WSNs efficiency (Ef ), while optimizing the transmission power necessary for data communication. Thus, the main idea behind the proposed approach is to trade off WSNs Ef against energy consumption in an environment with inherent noise. Experimental results with different types of noise and electromagnetic interference (EMI) have been explored in order to demonstrate the effectiveness of the TPSO technique.
Introduction
Recent advancements in wireless communication and electronic technology have made possible the development of small, low-cost, low-power, and multifunctional sensor nodes [1, 2] . Wireless sensor networks (WSNs) are composed of communication nodes, which contain sensing, data processing, and communication components as well as power supply, typically a battery. In more detail, these nodes are able to collect different types of data and to communicate with each other. Nowadays, WSNs have been increasingly deployed for both civil and military applications which typically work in harsh environments. Considering sensor nodes, resources like processor, memory, and battery are generally restricted, since their replacement is considered prohibitive due to the hazardous and inaccessible places where they are supposed to operate [3] . In this scenario, where nodes are likely to operate on limited battery life, power conservation can be considered one of the most important issues [4] . Transmitting at unnecessary high power not only reduces the lifetime of the WSNs nodes but also introduces excessive interference. Thus, transmitting at the lowest possible power while preserving the network connectivity and reliability has become crucial points related to WSNs [4, 5] . In this paper, Ef is defined as the number of received messages by the master node (MN) in relation to the estimated number of sent messages by the slave nodes (SNs).
It is important to point out that communication reliability in WSNs can be degraded by different interference sources, such as WLAN, Bluetooth, or any other device that shares the 2.4 GHz bandwidth. In addition to this bandwidth, the always increasing population of AM/FM radio devices is also responsible for increasing the environment noise hostility [6] . This evokes some concerns about the robustness of sensor network communications and can limit the wide adoption of WSN technology by the industry.
In this paper, we present a transmission power selfoptimization (TPSO) technique able to adjust individually the transmission power of each sensor node that composes the WSN, in order to guarantee a predefined efficiency (Ef ) for the network [7, 8] . The TPSO technique aims at guaranteeing the lowest possible transmission power while maintaining the connectivity of the WSN as well as the reliability of the transmitted data. Thus, the main idea behind the selfoptimization algorithm is to assure the trade-off between WSNs Ef and data transmission energy consumption. The proposed approach trades off the longest WSNs lifetime against the highest possible efficiency, and vice versa. To do so, this work presents a complete evaluation of the TPSO technique's effectiveness in different scenarios that exploit three types of noise considered inherent to the environment: (1) it exploits the distance variation between network nodes, (2) it exploits conducted EMI noise affecting the WSN, and (3) it exploits radiated EMI noise affecting the WSN. The effectiveness of the proposed technique has been evaluated using a suitable developed case study composed of eight SNs that communicate with one MN in a star-topology network. The main goals of this paper are.
(1) To provide experimental results showing the impact of the previously mentioned sources of noise on the WSNs communication. In more detail, to demonstrate that the distance variation between the nodes composing the WSN as well as the conducted and irradiated EMI do degrade the WSNs Ef. Consequently, the presence of any of these types of noise or any combination of them increases the necessity to communicate using a higher transmission power level in order to maintain the connectivity of the WSN as well as the WSNs Ef under expected values.
(2) To demonstrate the effectiveness of the TPSO technique, by showing that it can guarantee the targeted WSNs Ef in a time-variant noise environment, while decreasing the energy necessary for data transmission between nodes.
The obtained results during the experiments quantified the impact of the previously mentioned interference sources in WSNs and demonstrate the effectiveness of the proposed solution. In this sense, the experimental results show that the TPSO technique significantly reduces the energy consumption with respect to the data transmission, while maintaining the targeted WSNs Ef. This paper has been organized as follows. Section 2 summarizes the background related to WSN concerns. Section 3 presents the TPSO technique, detailing the communication model as well as the self-optimization algorithm. Section 4 presents the case study adopted for experiments. This section also details the three different scenarios used for noise injection on the WSN and summarizes the obtained results. Finally, Section 5 draws the conclusions.
Background
Nowadays, the adoption of WSNs in several civil and military scenarios has become a highly viable solution when aiming at the transmission of collected data in inaccessible places. However, the sensor nodes are usually powered by battery and consequently its preservation in order to increase the WSNs lifetime is considered crucial. Thus, the fact that WSNs are applied in locations where the access is difficult and replacing the battery would often not be feasible defines the goal of long battery life as essential to such networks [3] . Moreover, the reliability of the data collected, processed, and delivered has to be assured. As a result, high reliability and low energy consumption have become important issues when dealing with WSNs. In this context, several techniques have been proposed in order to deal with the previously mentioned concerns.
Concerning reliability, WSNs are required to collect, process, and deliver information interacting with the environment where they are placed. Thus, due to uncontrolled environment inherent noise, it does not surprise that WSNs frequently show low connectivity levels demonstrating poor quality of service (QoS) [9] . One strategy to cope with the QoS requirements is to adopt data fusion techniques. In dense networks, they are used in order to increase the sensor's reading dependability to achieve a more accurate estimation of the environment and finally to assure a longer network lifetime [3] . In these approaches, sensed scalars are sent to master nodes (MNs) which themselves fuse the data with the objective to extract useful information from a set of readings.
Another factor that interferes with the QoS is the increasing number of nodes that compose WSNs. This fact leads to a high complexity of the systems and the impossibility of human administration. Facing these problems, the development of computing systems that do not need human intervention to operate correctly has emerged. Thus, systems with so-called self-management characteristics, computer systems that are able to manage themselves based on high-level objectives given by the administrators before the beginning of the WSNs operation have been developed to cope with the increasing complexity [10] . The approach described in this work is considered to regulate the transmission power level and, therefore, manage a part of the administration itself.
Due to the fact that all sensor nodes composing the network are battery powered, the above, mentioned reliability concerns are desired to be developed with strategies that also aim at the minimization of the transmission power. In other words, power conservation strategies can help to prolong the lifetime of the sensor nodes and consequently of the WSN as a whole. Higher transmission power enhances the connectivity among the entire network and improves its capacity, but leads to faster exhaustion of the batteries. Indeed, transmitting at unnecessary high power not only reduces the lifetime of the WSN but also introduces excessive interference. It is in the network designer's best interest to have each node transmit at the lowest possible power while preserving network connectivity. It is a desirable characteristic, but it is difficult to modify the transmission power after the system's deployment. However, transmitting at low transmission power can compromise the connectivity and consequently the reliability of the transmitted data. As a result, the development of such systems has to deal with a trade-off between the WSNs lifetime and its reliability. In other words, a high transmission power would guarantee a high reliable system but lead to shorter system lifetime. A low transmission power is able to make the component's battery last for a longer period, but the system may not work properly or without a satisfying reliability.
Finally, the reliability and the energy consumption represent decisive factors for the choice of the transmission power of the WSN. Indeed, different factors can affect the definition of the optimal transmission power. The number and the distances between the sensor nodes deployed can interfere drastically in the obtained reliability of the network. In more detail, an increased density of the network deployed requires a lower transmission power.
Thus, as a result of the previously mentioned concerns, choosing the optimal transmission power has become an important issue for WSNs. In [4] , a suitable criterion for a optimal transmission power has been introduced. One of the goals of forming a network is to have connectivity, in other words, each node should be able to communicate with the other ones. The connectivity level of the ad hoc wireless network depends on the transmission power of the nodes. If the transmission power is too small, the network might be disconnected. However, transmitting at excessively high power is inefficient due to mutual interferences in the shared radio channel and the decreased battery lifetime. Thus, it is intuitively clear that the optimal transmission power is the minimum power sufficient to guarantee the network's connectivity. Ideally, the transmission power of a node should be adjusted on a link-by-link basis to achieve the maximum possible power savings [4] . Nonetheless, due to the absence of a central controller in a pure ad hoc network with flat architecture, performing power control on a linkby-link basis is a complicated task. A more feasible solution for the implementation of the WSN is to have all the nodes use the same transmission power.
To conclude, it is important to highlight that none of the above-mentioned approaches is able to adjust the transmission power level of the operating WSN. By choosing the transmission power level before inserting the nodes into an unpredictable environment, these techniques are not able to guarantee the trade-off between QoS and battery life.
The Proposed Technique
The transmission power self-optimization (TPSO) technique basically deals with the trade-off between WSNs Ef and energy consumption. In what follows, we will describe the communication model adopted and the self-optimization algorithm. 
Communication
Model. The adopted model considers one master node (MN), also called base station, and n Slave nodes (SNs) according to Figure 1 . In more detail, the data collected by the SNs is sent to the MN that performs data fusion. All the SNs reach the master using just one hop.
In this work, the concept of session monitoring is adopted. A session S is composed of t session time (ST) rounds with the length R. Therefore, S is composed of ST 0 , ST 1 , ST 2 , . . . , ST (t−1) . The round concept is used to synchronize nodes, and it also represents the periodicity of the data fusion task [3] .
Regarding the MN, it performs the data fusion considering only the messages that arrived on time. In this particular work, the MN only fuses data that arrived within the same session. Thus, the number of required messages, the round time, (RT) and the session time (ST) parameters are sent by the MN at the beginning of each session, forming the so-called checkpoint [3] . Moreover, the MN computes the performance metrics during the checkpoint round in order to adjust the WSN.
In the communication model adopted in this work, we considered the efficiency (Ef ) metric. In more detail, Ef is measured considering the number of received messages by the MN before finishing the session in execution in relation to the estimated number of sent messages by the SNs. Thus, Ef is calculated according to the following equation:
where N is the number of rounds, Mr is the number of received messages, and E Ms is the estimative of the sent messages by the SNs. In more detail, E Ms is given by (2) metric indicates how many messages are used during data fusion task:
The Transmission Power Self-Optimization Technique.
The TPSO technique is based on a simple and decentralized algorithm that runs on the application layer of the WSN [7, 8] . The main idea behind the TPSO technique is to adjust the transmission power taking into consideration the entire WSNs Ef. To do so, the TPSO technique uses the Ef associated to each SN to compute the WSNs Ef. In more detail, the MN is responsible to compute the WSNs Ef as well as the Ef associated to each SN and to send the specific Ef to each SN. Finally, the SNs are in charge of adjusting their own transmission power levels based on their Ef by performing the TPSO algorithm. Figure 2 depicts the block diagram of the self-optimization algorithm.
Observing the block diagram shown in Figure 2 , it is possible to note that the transmission power is adjusted by comparing the actual Ef, computed at the end of each session, and the target Ef, set at the beginning of the communication.
In more detail, the actual Ef is computed using the data collected during the ST, that is, while the set of messages that composes the considered session are sent. Regarding the target Ef, it is important to note that the value set at the beginning of the communication has a tolerance of 5%, which means setting a target Ef of 90%, this value oscillates from 85% to 95%. Moreover, it is important to highlight that the sensor nodes have a predefined minimum and maximum transmission power, which cannot be exchanged or overwritten by the algorithm. Thus, the TPSO technique increases or decreases the transmission power step-by-step passing through all the transmission power levels available for each node. Finally, the self-optimization algorithm is performed by the SNs that compose the WSN and it can be adopted in WSNs that do not provide any type of transmission power optimization. Figure 3 shows the conceptual idea of the TPSO technique related to the temporal execution of the self-optimization algorithm. Observing Figure 3 , it is possible to see between two consecutive sessions that the adjustment of the transmission power is performed during the so-called optimization time. In detail, the MN computes the Ef associated to each SN during the optimization time and sends these values to them. The algorithm running on the SN then adjusts the transmission power level according to the actual Ef when it is necessary.
Experimental Results
This section evaluates the effectiveness of the TPSO technique using different types of interference mechanisms. The experiments have been performed considering three different scenarios divided as follows: Scenario 1 evaluates the impact of the distance variation between the MN and SNs on the communication efficiency. Scenario 2 exploits the use 
Case Study.
In order to demonstrate the TPSO technique's effectiveness with respect to the three scenarios mentioned above, we developed a case study composed of nine sensor nodes as shown in Figure 4 .
Observing Figure 4 , it is possible to see that the case study adopted is composed of one master node (MN) and eight slave nodes (SNs) performing the following tasks. It is also in charge of computing the Ef of each SN and sending them the parameters necessary to perform the transmission power optimization.
(ii) Slave node (SN): it sends data messages to the MN and executes the TPSO algorithm in order to optimize the transmission power based on the parameters sent by the MN.
It is important to point out that both MN and SNs are XBee PRO modules, which use the IEEE 802.15.4 networking protocol for fast point-to-multipoint or peer-to-peer networking [11] . The IEEE 802.15.4 is a standard that specifies the lower two layers of the wireless communication protocol: (1) the physical layer (PHY) and (2) the media access control (MAC). Indeed, the IEEE 802.15.4 supports the unique needs of low-cost, low-power, and low-rate WSN. The PHY layer can operate with 250 Kbps of maximum transmission rate. Regarding the MAC, it supports two types of operating modes: (1) beaconless mode, a nonslotted carrier sense multiple access collision avoidance (CSMA/CA) and (2) beacon mode, where beacons are sent periodically by a PAN coordinator [12] . In the latter case, nodes are synchronized by a superframe structure. Finally, the XBee PRO modules can be configured to operate using five different transmission power levels that range from 0 to 4. Table 1 summarizes the transmission power levels of the XBee PRO module and their respective communication power in dBm. Observing this table, it is possible to see that the minimum transmission power level corresponds to 10 dBm and the maximum to 18 dBm. Figure 5 shows the printed circuit board (PCB) of a wireless sensor (MN or SN). This board was designed by the Computing Signals and Systems Group (SiSC) of the Catholic University (PUCRS) and was used during all the experiments. It is basically built around two major components: the XBee PRO module and the ARM 7 microprocessor, which runs the self-optimization algorithm.
Scenario 1. Scenario 1 aims to analyze the impact of distance variation between SNs and the MN on the WSNs Ef
as well as to demonstrate the effectiveness of the proposed approach in order to maintain a target Ef by automatically increasing the transmission power of SNs when necessary. Thus, first of all, the case study described previously has been analyzed in an environment exposed to real noise where one of the SNs has been moved from an initial position with respect to the MN to a different final position further away from the MN. In more detail, the distance between one of the SNs and the MN has been increased step-by-step and the behavior of the WSN has been analyzed in terms of Ef and energy consumption of the WSN. In this scenario, an "experiment" was defined as a set of 72 sessions, each one composed of 20 messages. The session time has been configured to be of 10 s and the optimization time to be 0.5s. Figure 6 depicts results for one SN moving far away from the MN considering six steps of the distance variation. In this sense, Figure 6 analyzes the WSNs Ef considering distances of 50, 100, 120, 150, 200, and 250 meters with respect to the original position of the SN. For each previously mentioned distance, we considered the five different transmission power levels for the XBee PRO module ranging from 0 to 4.
Observing Figure 6 , we can see that the WSNs Ef decreases when the distance between the MN and the SN increases demonstrating the negative impact of the increasing distance on the WSNs Ef.
For the following graphs, we considered Scenario 1 as described earlier. In more detail, the distances assumed values from 0 to 250 meters, the target Ef was set to 90% and the transmission power level was fixed to 0 or to 4. It is important to highlight that setting target Ef to 90% means that a tolerance of 5% is allowed. Figures 7 and 8 depict the results obtained by setting the transmission power level to 0. Figure 7 compares the energy consumed as a function of distance comparing the fixed 0-level transmission power with the one associated to the TPSO technique. Figure 8 compares the WSNs Ef while using a fixed 0-level transmission power and while adopting the TPSO algorithm.
The average Ef of the WSN using the 0-level fixed transmission power was measured to be 49.59%, while using the TPSO algorithm such value increased to 62.81%. This corresponds to an increase of 13.21%. At the same time, the power consumption of the proposed technique is about 285% higher than the power consumed by the WSN to transmit at fixed 0-level. Therefore, observing Figures 7 and 8 , one can conclude that the TPSO achieves a higher Ef consuming more power. For applications where efficiency is a key-requirement and must be guaranteed even consuming more energy, the proposed TPSO technique is a good alternative.
It should also be observed that neither of the two configurations achieved the aimed efficiency level of 90%. This is attributed to the fact that when the distance between the MN and the SN increased beyond 150 meters, there was almost no connectivity between them. Therefore, even transmitting at the highest power level (4), the TPSO is not able to compensate the impact of the distance (even though the communication efficiency is higher with TPSO technique than without it). This is a typical case of transmission power saturation. Thus, the high energy consumption increase of the WSN with the TPSO technique can be attributed to the fact that the maximum transmission power is maintained until the end of the experiment, even if the WSNs Ef could not be further improved due to the high distance between MN and SN. demonstrates the WSNs Ef while adopting the proposed algorithm and while using the fixed transmission power level.
The results depicted in Figures 9 and 10 clearly demonstrate the efficiency of the TPSO technique. When the distance between the SN and MN increases, it is possible to observe that the energy consumption increases in order to maintain the target WSNs E f . It is worth noting that the energy consumption is associated with the transmission power level adopted during the communication between the MN and SNs. In more detail, the WSNs Ef with the fixed transmission power level 4 is 65.68% whereas the TPSO yields 62.81%, or of 2.87% less than the one using the maximum transmission power level. In addition, it should be noted that the energy consumption of the proposed approach is 38.87% lower when compared to the fixed transmission power level 4. Thus, one can conclude that the TPSO technique saves more than a third in energy while loosing less than 3% of efficiency to communicate.
Scenario 2.
Scenario 2 exploits the use of power supply disturbances (PSD) in order to generate conducted EMI on the WSN. During this phase, we used suitable developed equipment able to generate PSD according to the IEC 61000-4-29 standard [13] . This IEC standard defines rules for immunity testing to voltage dips, short interruptions, and voltage variations on d.c. input power port of integrated circuits and systems. Due to the large possible range, the voltage dips' percentage that can be assumed during the experiments, an initial experiment has been performed in order to find the maximum variation supported by the WSN nodes. The results obtained showed that the WSN nodes are able to maintain the connectivity between MN and SN up to the limit of 16% of voltage dip with respect to nominal Vdd of 3.3 V. During the experiments, the PSD's frequency has been set to 500 Hz.
Finally, it is important to point out that an experiment is defined as a set of 50 sessions, each one composed of the same 10 messages. These 10 messages are sent during each session by the SNs to the MN. Indeed, the session time has been configured to be of 10 s and the optimization time to be of 0.5s. Figure 11 depicts the equipment used to generate noise in the form of voltage dips at the Vdd input pins of the nodes composing the WSN. This waveform was captured with an oscilloscope. It is important to underline that no noise was injected during the first 25 sessions, whereas voltage dips have been injected during the execution of the sessions 25 to 49. Figure 12 shows the impact of the PSD on the WSNs E f . Observing this figure, it is possible to conclude that increasing the percentage of voltage dip decreases significantly the WSNs Ef.
The results obtained with respect to PSD in Scenario 2 have been summarized in Figures 13-16 . Figure 13 WSNs with and without the TPSO technique. The WSN without the proposed self-optimization algorithm has been set to ensure communication between nodes using the fixed minimum transmission power level, level 0 in Table 1 , and the WSN with TPSO assumed the target Ef = 90%. Observing these figures, it is possible to conclude that the average WSNs Ef guaranteed by the WSN with and without the TPSO technique was of 85% and 84%, respectively. Note that the energy consumed by the WSN with the TPSO technique was higher than the one consumed by the WSN communicating at the minimum transmission power level. This can be justified by the fact that the WSN with the proposed approach increases the transmission power level in order to guarantee the target Ef of 90%. It can also be observed in Figure 14 that with voltage dips set to maximum allowed value of 16%, the noise is so strong that a saturation of the transmission power can be observed from session 28 onwards. Here even the transmission power level set to its maximum is not able to raise the WSNs Ef above a level of about 70%. Now looking at Figure 15 , the graph is showing the comparison of the energy consumption of a WSN with the transmission power level fixed to the maximum value and an WSN with the proposed technique applied. The graph of Figure 16 shows the comparison of the same two WSN in respect to their Ef. In media, the Ef of the maximum transmission level WSN is of 86% and the WSN using the proposed approach is reaching 85.5%. Thus, we can conclude that the TPSO technique is practically maintaining the same reliability, while it is saving more than 55% of energy consumption.
Scenario 3.
The main goal of the experiments performed in Scenario 3 was to demonstrate the impact of irradiated EMI on the WSNs Ef. The experiments have been performed using an anechoic chamber and an antenna which irradiates noise over the WSN. Figure 17 depicts the EMI environment adopted where it is possible to see the antenna and the WSN placed on the table inside the anechoic chamber according to the case study's diagram presented in Figure 4 . In more detail, the WSN has been exposed to two different types of irradiated EMI. The first type concerns AM/FM noise that has been irradiated over the WSN according to the following characteristics: The second type of noise is WiFi signal irradiated over the WSN with a power level of +14 dBm. The noise was transmitted through channel 1 of the WiFi frequency spectrum. Figure 18 depicts the frequency spectrum used by the XBee PRO module to communicate and the one of WiFi noise. Observing this figure, it is possible to see the superposition of the two spectrums.
In the following, experiments aiming to evaluate the TPSO technique's efficiency in the presence of noise have been performed. It is worth noting that noise was applied only during the second half of the 50 sessions that compose an experiment. In more detail, during the sessions numbered 0 to 24 the noise generator was switched off, and during the sessions numbered 25 to 49 the noise generator was switched on and applied different levels of AM/FM noise as well as WiFi. Figure 19 shows the impact of the AM/FM noise of −10d BM on the WSNs Ef. In more detail, each point in the graph represents a specific XBee PRO module transmission power level from 0 to 4 during the 50 sessions (axis x) against the WSNs average Ef (axis y). For instance, when the XBee PRO modules are transmitting with level 0 (10 dBm), the whole WSN consumed 6.33 mW.s, which resulted in a WSN efficiency of 36.80% without EMI. Similarly, the efficiency rises to 93.96% for the WSN operating in a noise-free environment.
Experiments Using AM/FM Noise
The WSNs average Ef mentioned above has been calculated as arithmetic average of the values of the WSNs Ef during the 50 performed sessions. Regarding the WSNs energy consumption value, it has been obtained throughout the sum of the energy consumed during the 50 sessions. Thus, considering the transmission power level 0, it is possible to see that the noise drastically affects the WSNs Ef, since the average has been reduced from about 93.96% to 36.8% when exposed to EMI. Indeed, we can observe that the reduction of the WSNs Ef is smaller when the WSN is configured to transmit at the transmission power level 4 (18 dBm, which represents the maximum transmission power level that the WSN can adopt). In this case, the reduction of the WSNs Ef has been from 93.72% to 67.00%.
In order to better illustrate the effectiveness of the proposed self-optimization algorithm, Figures 20 and 21 depict the WSNs Ef and the WSNs total energy consumption considering the following characteristics: (1) the WSN has been set to communicate the transmission power level fixed to 4 and (2) the WSN adopting the TPSO algorithm has been configured to target 90% of WSNs Ef. In this case, the effectiveness of the TPSO technique is clearly visible since the self-optimization algorithm is able to guarantee the WSN' Ef as defined by the target Ef (90%) while reducing the energy consumption by 55.6%. In other words, the TPSO algorithm increases the transmission power level in order to compensate for the decrease of the WSNs Ef as response to the high AM/FM noise applied on the system (starting from session 25), so that to assure the target Ef. In this scenario, the WSN' Ef for transmission power level 4 is 94.6% (with an average energy consumption per session equal to 631 uW.s), whereas for the TPSO technique, the WSN' Ef rendered 93.2% (with an average consumption of 279.7 uW.s).
Figures 22 and 23 show that the self-optimization algorithm increases transmission power level (starting from session 25) in order to guarantee the WSNs Ef at 90%. Thereby, it is demonstrated the effectiveness of the proposed technique. These figures depict the WSNs Ef and energy consumption between the WSN configured to transmit with the minimum transmission power level and the WSN implemented with the proposed approach. Observing such figures, it is possible to conclude that WSNs Ef associated to the network with the TPSO approach achieves an Ef of 93.2% while the WSN without the self-optimization algorithm reaches an Ef of 84%. Indeed, the higher WSNs Ef seen in Figure 23 has been achieved with an increase of about 170% of energy consumption. energy consumed by a WSN in two different moments: (1) configured to transmit at the lowest power level available in the XBee PRO modules; and (2) with the WSN making use of the TPSO technique. Figure 25 depicts the Ef of the WSN at two moments, one with the transmission power level fixed to 0, and one based on the TPSO technique. The WSN with the fixed transmission level reaches an average Ef of 46.4%, while the network based on the TPSO technique achieves 86.6%. In order to reach higher communication efficiency for the WSN, the TPSO technique switches to higher transmission power levels to cope with the introduced noise. This yields a 253% more energy consumed.
Experiments Using WiFi Noise
In Figures 26 and 27 , we observe the results of the energy consumption and the efficiency of a WSN with a transmission power fixed to the maximum level in comparison with a network adopting the TPSO approach. In more detail, Figure 26 shows the power consumed by the WSN to communicate, while Figure 27 shows the WSNs Ef.
Observing Figure 26 , we can clearly observe that the proposed approach reduces the transmission power level during the noise-free period (between sessions 0 and 25) and, thereby, dramatically reduces the overall WSN energy consumption. In detail, the technique is able to reduce the energy consumption by 46.12% along with the execution of the 50 sessions. The obtained results depicted in Figure 27 show that the average Ef drops from 92% to 89% when comparing the fixed transmission power level with the TPSO technique. Therefore, the proposed approach is able to reduce the power consumption to almost a half while reducing the WSNs Ef by only 3%. Indeed, it is important to underline that the WSNs Ef is still in between the tolerance interval predefined for these experiments, which is 5% higher or 5% lower than the WSNs target Ef.
Final Considerations
In this paper, we present a transmission power self-optimization technique that aims at guaranteeing a given WSNs Ef while trying to reduce the energy consumption required to transmit data between nodes. Thus, the main idea behind the proposed algorithm is to optimize energy consumption when the environment inherent noise is low and to guarantee the connectivity and reliability of the transmitted data when the noise is high. In more detail, the self-optimization algorithm uses the information computed by the MN to adjust the transmission power level associated to each SN. Consequently, the self-optimization algorithm assures the compromise between WSNs Ef and energy consumption. In this scenario, the adoption of the TPSO technique increases the lifetime of WSNs in noisy environments without affecting their QoS.
Experimental results demonstrated the convenience of using the self-optimization algorithm instead of setting a fixed transmission power level available in the XBee PRO modules. When a WSN without the TPSO technique is considered, the transmission power is set at the beginning of the communication and remains the same during its entire network lifetime. This characteristic can be negative considering a WSN in a real environment where the inherent noise is not constant.
Due to the fact that the inherent environment noise is completely variable and random, the TPSO technique will always guarantee the lowest possible transmission power during the communication, while ensuring the target Ef when it is feasible. In this sense, if the noise is too high, the self-optimization algorithm will try to increase the transmission power level until reaching the targeted Ef or the transmission power's saturation. Reversely, if the noise is low, the TPSO technique adjusts the transmission power to the lowest possible level that guarantees the WSNs target Ef. For battery-powered systems, the use of the proposed technique is very rewarding and, sometimes, the unique possible solution to ensure network's lifetime beyond minimum boundaries.
